Introduction
The best-characterized protein structure involved in DNA binding is the helix-turn-helix motif conserved in a variety of prokaryotic regulatory proteins (Pabo and Sauer, 1984) in the yeast MAT repressor (Shepherd et al., 1984; Laughon and Scott, 1984) , and in the homeo domains of several eukaryotic proteins Gehring, 1985) . A second motif for DNA-binding proteins emerged from sequence analysis of TFIIIA (Miller et al., 1985) a factor involved in the control of transcription of the Xenopus 5S RNA gene. This alternative structure is based on a tetrahedrally coordinated Zn*+ ion that allows the folding of tandemly repeated DNA-binding "finger" structures (Miller et al., 1985) . The primary structures of several other regulatory proteins are homologous to the TFIIIA protein (Berg, 1986; Vincent, 1986) . They include ADRl, which is ret Present address: Max-Planck-lnstitut fiir Biologic, Spemannstrasse 34, D-7400 Ttibingen. Federal Republic of Germany. *Present address: Department of Biology, Yale University, New Haven, Connecticut. quired for transcriptional activation of the alcohol dehydrogenase gene in yeast (Hartshorne et al., 1986) , and Drosophila protein sequences deduced from the DNA sequences of serendipiry (Vincent et al., 1985) and of Kri@-pel (Kr), a segmentation gene (Rosenberg et al., 1988) . Aside from having in common the finger structure, these four and other finger proteins (see Berg, 1986 ) seem not to be directly related with respect to homologous DNA and protein sequences (Vincent, 1986) . However, by use of the Kr cDNA probe under conditions of low stringency, we have now isolated a second Drosophila gene encoding a Kr-like finger protein. Analysis of this gene revealed Krrelated molecular properties that are conserved in a small number of genes in Drosophila and in other eukaryotic organisms.
Results

Isolation of Kr-Homologous
Sequences from Drosophila Southern blots of EcoRI-digested genomic Drosophila DNA were hybridized at low stringency with the Kr probe. This probe, the 544 bp BamHI-Sal1 fragment containing the Kr finger domain coding sequence (see Rosenberg et al., 1986) , and hybridized to a series of bands (Figure la) that were not detected under normal-stringency conditions (see Preiss et al., 1985) or under conditions that revealed the homeo-box-containing genes (data not shown). The multiple bands in the Southern blots suggest the existence of several Drosophila genes that are related to the finger coding region of the Kr gene.
To search for such genes, we screened approximately 50,000 recombinant bacteriophages (five genome equivalents) from a genomic Drosophila DNA library under lowstringency conditions. After rescreening the bacteriophages, we picked 22 plaques with positive signals of different intensities. From each clone we purified the DNA, digested it with EcoRI, and prepared Southern blots. These were hybridized, at low stringency, with the Kr probe or with DNA from each of the clones isolated. This allowed us to identify eight different fragments of genomic DNA with homology to the Kr finger domain. Clones were isolated twice or several times, suggesting that we have identified most of the Kr-homologous genes.
Kr-Homologous
Transcripts Are Developmentally Regulated Each of the isolated Kr-homologous clones showed one EcoRl fragment bearing the Kr-homologous sequence. One of them, a 6 kb Eco RI fragment (designated Krh; Figure lb) , was analyzed in detail. Within the 6 kb fragment two nonadjacent regions showed weak Kr homology (Figure lb) . To see whether this 6 kb fragment carries transcribed sequences, we hybridized it to Northern blots with poly(A)+ RNAs from embryos at different stages during early embryogenesis (Figure lc) . The finding of several bands with different intensities at different early stages (Rosenberg et al., 1988) . All of these cDNA clones showed a signal under low-stringency hybridization conditions with the Kr probe. For further analysis, we used the Kr c clone, which is 3.8 kb (Figure lb ). This clone most likely represents a close-to-full-size copy of the largest Kr h tran- Table 1 , Miller et al. (1985) , Berg (1986) , and Rosenberg et al. (1986) . The signal-bearing Sau 3A fragment within the PstlSacl segment (present in both genomic and cDNA; Figure  lb ) was subcloned in Ml3 phage and was sequenced (Figure 3) . A single open reading frame of the 260 bp sequence encodes a predicted 28 amino acid repeat unit as seen in the Kr protein (Rosenberg et al., 1986) . This repeat unit contains the structural elements to fold at least two adjacent fingers, separated and followed by a seven amino acid link (Figure 3 ). Both the positions of crucial amino acids within the finger loops (see Miller at al., 1985, for details), involving a stringent positioning within the CysXXCysXXXPheXXXXXLeuXXHisXXXHis structural loop element ("Kr motif"), and the seven amino acid links between the fingers (Tyr-Gly-GluArg or Lys-Pro-Phe or Tyr-X; "H/C-link") were identical to those of the Kr finger protein ( Figure 3 and Table 1 ). Both these motifs were similar but not identical to the finger motifs of TFIIIA, ADRl, and the serendipity protein (see Table 1 ).
Sequences in the Genomes of Various Eukaryotes Encouraged by the recovery of a Drosophila gene that codes for a Kr-related finger protein, we searched for Krhomologous sequences in other species. Southern blots loaded with EcoRI-digested DNA from various animals revealed multiple Kr-homologous DNA fragments in all eukaryotes tested, but not in bacteria (see Figure 4 ). This suggests that the Kr-related sequences are conserved in several copies in the genomes of eukaryotes ranging from yeast to mammals.
The H/C Link Is Present in Several Nuclear Proteins and in Chromosome-Associated Proteins of Drosophila Conservation of the H/C link allowed the Kr h gene to be isolated by mismatch hybridization at low stringency (see Table 1 Rosenberg et al. (1986) , (c) Chowdhury and Gruss (personal communication), (d) Vincent et al. (1985) , (e) Miller et al. (1985) , and (f) Hartshorne et al. (1986) . . This in combination with the conserved Kr motif suggested that both Kr and the Kr h gene encode proteins with a similar biochemical function, which, in view of the structural homology with TFIIIA and ADRl, could involve DNA binding and transcriptional activation. Several attempts using 6-galactosidase-protein fusions, which allowed DNA binding studies on homeo domain proteins (Desplan et al., 1985) failed with the finger proteins (U. Gaul and C. Schroder, unpublished observations). Nevertheless, to obtain information on the possible function of the Kr-related members of the finger protein family, we raised antibodies against a 12 amino acid peptide (see Experimental Procedures) connecting Kr fingers one and two, which includes the H/C link (see Figure 3d , second line). These antibodies were used to study the distribution of H/C-link-containing protein(s) in cells and eventually on chromosomes.
Affinity-purified antibodies against the H/C link recognize nuclear antigens in cleavage stage embryos (Figures  5a and 5b ). These nuclei, in the absence of zygotic transcription (Anderson and Lengyel, 1979) possibly accumulate proteins of maternal origin and/or newly synthesized proteins from maternal mRNA. Western blots prepared from nuclear extracts of O-2 hr old embryos revealed several distinct proteins recognized by the antibodies. In 4-24 hr old embryos, some of these proteins could not be detected anymore (Figures 5g and 5h) . This argues for a family of nuclear proteins defined by a common structural element, the H/C link of the Kr finger domain, and for developmental control of different members of this family.
The observation that the H/C link is most likely encoded by several maternally active genes (see above), by Kr, a blastoderm gastrulation-specific segmentation gene, and by the Kr h gene, which extends its action into later embryonic stages, encouraged studies with the anti-H/C link antibodies on polytene salivary gland chromosomes. If the antigen were present on chromosomes, this then would argue for interaction with chromatin, for DNA and/or nuclear RNA binding. The anti-H/C link antibodies recognize a small number of chromosome bands, including transcriptionally active puffs. Examples of antibody reactions with several bands and one puff (85EF) of the 3R chromosome are shown in Figures 5c-5f . H/C Link Nuclear Antigen Is Conserved in Vertebrates The presence of Kr-homologous sequences in all eukaryotes analyzed (Figure 4) suggested that the H/C link could again be the basis of the DNA sequence homology. Thus, we should expect the H/C link to be associated with vertebrate proteins. By analogy with Drosophila, the antibodies directed against the H/C link should reveal nuclear antigen, for example, in mammalian cell lines and/or in some nuclei of vertebrate embryos. We studied the anti-H/C link activity on cryostat sections of chicken and mouse embryos, and with several cell lines of mouse, bovine, rat, and human origin. In each material tested, fluorescent staining was concentrated over nuclei, and within the limits of the technique applied, the surrounding cytoplasm was negative. Examples of this study, which is summarized in Table 2 , are shown in Figure 6 . During mitotic divisions, fluorescence was always found to be associated with chromosomes (see examples in Figures 8e-6h ). This indicates that the corresponding proteins containing an H/C link are associated with chromatin, as has been seen more clearly on single Drosophila polytene chromosome bands (Figures 5c-5f ).
The observation that all nuclei from all cell lines analyzed contain the H/C link antigen suggested several different proteins, as in the case of Drosophila embryos, rather than a single ubiquitous protein species. To test this assumption, we prepared nuclear extracts from the embryonic mouse carcinoma PCC4 cell line. Western blots containing the nuclear extracts of PCC4 cells revealed several proteins containing the H/C link antigen ( Figure  6~ ).
Discussion
The primary structures of several transcriptional regulatory proteins, including TFIIIA of frog and ADRl of yeast, allow the folding of tandemly repeated DNA-binding "finger loops" that are linked by a short and variable stretch of up to eight amino acids (see Table 1 ; for details, see Miller at al., 1985; Hartshorne et al., 1986) . The finger motif for DNA binding, which possibly involves coordinated metal binding, emerged from sequence analysis of TFIIIA. Each finger is thought to specify binding to about six nucleotides, half of a double-helical turn of DNA (Miller et al., 1985; Rhodes and Klug, 1988) . A similar, invariant finger motif was found in Kr, a Drosophilasegmentation gene (Rosenberg et al., 1986) , and in Kr h, a developmentally regulated gene expressing several temporally and spatially controlled transcripts. The function of this gene has not yet been established by genetic analysis. However, the Kr h gene product is similar to the Kr protein.
The striking similarity of Krand Krh is based on the finger motif per se, an invariant positioning of crucial amino acids within the finger loop, and the H/C link, which is the basis of the nucleotide homology (Figure 3) . The latter suggests the existence of a small subfamily of Kr-related finger proteins, which is reflected in multiple and conserved Kr-homologous DNA sequences and in conservation of several H/C-link-containing nuclear proteins.
The fact that TFIIIA binds to both DNA and RNA in a specific and regulatory manner (Miller et al., 1985) suggests that the Kr-related members of the finger protein family may bind also to DNA and/or RNA. However, antibodies produced against an H/C link peptide recognize Table 2 for a summary of additional data b) D, API ! (9)! (0, and (0) s (NI RK) rcina ,ma nucl ear olecr Jlar nuclear antigens present in several proteins, which appear to be localized in bands and puffs of polytene salivary gland chromosomes of Drosophila, and are associated with mammalian, chromosomal antigen. These observations argue against binding to cytoplasmic RNA and provide evidence for the H/C link being associated with DNA-and/or nuclear-RNA-binding proteins. The invariant features that emerged from the Kr and Kr h comparison are shared by a mouse gene that was recently isolated in F! Gruss's laboratory in Heidelberg under the conditions described here (see Table 1 ; Chowdhury and Gruss, personal communication). In addition, these features are conserved in different domains of TFIIIA, the prototypical finger protein. In TFIIIA, only finger 7 out of the nine fingers shows the Kr-related positioning, and the H/C link is found between fingers 1 and 2 (compare Miller et al., 1985, and Figure 3 ). This observation may provide the first evidence for the proposal of Miller et al. (1985) that the DNA-binding finger proteins may have emerged from a common ancestral finger motif, and that multifinger proteins may have arisen from gene duplications and/or conversions.
In contrast to the homeo domain, which possibly relates to a conserved helix-turn-helix motif for DNA binding (for review, see Gehring, 1985; Laughon and Scott, 1984) , the coding sequences of several identified finger proteins (for review, see Vincent, 1988; Berg, 1986) were thought to lack significant nucleotide sequence conservation and "box" character. This was taken to indicate that the evolution of these proteins is constrained by the requirement to maintain basic features of a protein structure that interacts with DNA, and that the specificity of protein-DNA interaction is provided by a combination of amino acids in the "fingertips:' as outlined in the finger model of Miller et al. (1985) . The conservation of the two features described above, especially the finding of the H/C-link motif (which has, in fact, box character), would argue that the specificityof DNA binding may involve adefined positioning of the crucial amino acid residues and the link region between the fingers.
The DNA binding and regulatory functions of TFIIIA and ADRl, and the chromosome binding properties of HIClink-containing proteins, suggest that the members of the &-related gene family share DNA binding as a common function. In this view, our simple approach has opened the possibility of isolating and characterizing additional members of a widely spread, evolutionarily conserved family of genes that act at the level of chromatin, possibly on DNA directly. In contrast to the homeo box, which seems to be strongly conserved in the classes of genes required for pattern formation in Drosophila (Gehring, 1985) , the finger protein family appears to be involved in more general regulatory functions in several, if not all, eukaryotic organisms.
Experimental Procedures
Nucleic Acid Preparations and Hybridizations DNA of Drosophila and other eukaryotes was prepared according to a standard protocol . Poly(A)+ RNA was prepared from staged embryos as described in Rosenberg et al. (1986) .
Southern blots of EcoRI-digested DNA from Drosophila were prepared as described previously . Hybridization to a nick-translated =P-labeled BamHI-Sal1 fragment of the pcK 2b clone (Rosenberg et al., 1986) was carried out at 60°C in 5x SSPE, 5x Denhardfs solution, 0.2% SDS, and 100 pglml of denaturated herring sperm DNA using IO6 cpmlml of labeled probe (108 cpmlfig) for Southern blots and under previously described conditions (Rosenberg et al., 1986) for Northern blots. (Ix SSPE = 180 mM NaCI, 10 mM sodium phosphate, 0.1 mM EDTA.) The Southern blots were washed at JPC in 4x SSPE, 0.2% SDS for 2 hr and at room temperature in 2x SSPE, 0.2% SDS for 1 hr. Exposure was overnight on preflashed Fuji X-ray film at -8OOC. Northern blots were washed in 2x SSPE, 0.2% SDS for 1 hr at 6oOC and were exposed as described for Southern blots.
DNA Sequencing DNA was sequenced from Ml3 subclones by the dideoxy chain termination method of Sanger as described previously (Rosenberg et al., 1986) .
In Situ Hybridizations
In situ hybridizations to polyiene chromosomes were as described in Mlodzik et al. (1985) . In situ hybridization to tissue sections of embryos was performed as described in Knipple et al. (1985) except that %S-labeled nick-translated DNA was used.
Ploductlon
and Purification of Antibodies A twelve amino acid peptide (TGEKPFECPECD; H/C link) produced by Novabiochem (Switzerland) was coupled to bovine serum albumin from Sigma (A 7030) using l-ethyl-3-(3'-dimethylaminopropyl) carbodiimide as described by Shapira et al. (1984) . The rabbit was injected (subcutaneously and intramuscularly) with this conjugate emulsified in Freund's adjuvant. After a single booster injection the rabbit was bled on a weekly schedule. The serum was affinity-purified on a peptideovalbumin-Affigel 10 column as outlined by Carroll and Scott (1985) . Specificity of antibodies was tested on Western blots (see below) of a Kr-Lac 2 fusion protein (data not shown).
Western Blotting Nuclear extracts prepared from staged Drosophila embryos and from PCC4 cells were fractionated on a loo/o SDS-polyacrylamide gel and were transferred to nitrocellulose (Frasch, 1985) . Western blots were first incubated (30 min) with 0.5% Tween 20 in phosphate-buffered saline (PBS) and then in the same solution containing primary antibody (10 &ml, overnight at OOC). Blots were washed (10 min at room temperature) three times in the Tween PO-PBS solution and then allowed to react (120 min, 2OOC) with 5 pCi of 1251-labeled protein A (Amersham; spec. act. 30 mCi/mg). After repeated washes as above, blots were dried and exposed to Fuji X-ray film.
lmmunofluorescence on Cryostat Sections of Embryos and on Polytene Chromosomes of Drosophila Embryos were dechorionated, permeabilized, and fixed as described in Carroll and Scott (1985) except that we used paraformaldehyde for fixation. After rehydration, embryos were embedded and sectioned as described by Dequin et al. (1984) . Cryostat sections (5-10 wm) were collected on slides, incubated (30 min) with PBT (1% bovine serum albumin and 0.1% Triton X-100 in PBS) and then in the same solution containing l-10 pglml affinity-purified antibodies (1 hr at room temperature). After two washes in PBT (10 min at room temperature), sections were incubated (30 min) with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibodies (Dianova; 1 :lOO dilution) and were washed as described above. After being counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Frasch, 1985) , sections were mounted in 80% glycerol-PBS. Sections were viewed under a Zeiss epifluorescence microscope and were photographed with a Kodak Plus-X pan film.
Polytene chromosomes of salivary glands were prepared as described by Frasch (1985) . lmmunofluorescence and DAPI staining were as described above. lmmunofluorescence on Ctyosta,tat Sections of Vertebrate Embryos and on Cultured Cells Postimplantation mouse embryos (10 days) were removed from the maternal decidua and were immediately frozen in Tissue-Tek II (Lab-Tek Products). Sections were cut on a cryostat (Reichert-Jung), fixed for 10 min in precooled methanol-acetone (40/60 v/v), and washed in PBS (pH 7.2). Cell cultures (see Table 2 ) were grown in Dulbecco's modified Eagle's medium containing 15% fetal calf serum on cover slips for 2 days, washed in PBS (pH 7.2), and fixed for 10 min in methanol-acetone (-2oOC). For indirect immunofluorescence tests, binding of anti-H/C link antibodies (15 pg/ml, 30 min) was revealed with FITC-conjugated goat anti-rabbit antibodies (Dianova; 1 :lOO dilution, 30 min at room temperature). Sections through 2.5 day old chicken embryos were prepared and treated the same way. After being counterstained with DAPI (see above), the specimens were examined under a Leitz Dialux 20 fluorescence microscope, and photographs were taken using llford HP-5 film.
